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(54) Automatic gain control for optical amplifiers 

(57) In an optically amplified wavelength division 
multiplexed (WDM) system having a WDM signal com- 
prising a plurality of optical channels, the per-channel 
gain of the optical channels is kept relatively constant 
despite changes in input power at the optical amplifier 
(101), such as when individual optical channels of the 
WDM signal are added and dropped. More specifically, 
gain of an optical amplifier (1 01 ) is controlled by control- 
ling the amount of pump power (110) supplied to the 
optical amplifier as a function of changes in input power 
which are measured in a feed-forward monitoring path 
(130, 140). The amount of pump power for effecting 
gain control is adjusted according to a scaled relation- 



ship to the measured input power of the optical ampli- 
fier. By controlling the pump power (by 120) directly in 
response to changes in input power, gain of the optical 
amplifier can be controlled within a sub-microsecond 
time scale from the time that a change in input power is 
detected. Moreover, by maintaining relatively constant 
per-channel gain in an amplified WDM signal despite 
changes in input power at the optical amplifier, power 
excursions are substantially reduced in surviving optical 
channels of the WDM signal, i.e., those at the output of 
the optical amplifier. 
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Description 
TECHNICAL FIELD 

[0001] The invention relates generally to lightwave 5 
communication systems and, more particularly, to gain 
control for optical amplifiers used in such lightwave 
communication systems. 

BACKGROUND OF THE INVENTION w 

[0002] To meet the increasing demands for more 
bandwidth and higher data rates in today's networks, 
wavelength division multiplexing (WDM) is being used 
extensively in long haul optical transmission systems is 
and is being contemplated for use in short haul applica- 
tions, such as metropolitan area networks and the like. 
As is well known, WDM combines many optical chan- 
nels each at a different wavelength for simultaneous 
transmission as a composite optical signal in a single 20 
optical fiber. 

[0003] Optical amplifiers are commonly used in 
lightwave communication systems as in-line amplifiers 
for boosting signal levels to compensate for losses in a 
transmission path, as power amplifiers for increasing 25 
transmitter power, and as pre-amplifiers for boosting 
signal levels before receivers. In WDM systems, optical 
amplifiers are particularly useful because of their ability 
to amplify many optical channels simultaneously. Rare 
earth-doped fiber optical amplifiers, such as erbium- 30 
doped fiber amplifiers, are predominantly used in WDM 
systems, although other types of optical amplifiers such 
as semiconductor optical amplifiers may also find use in 
such systems. 

[0004] In an optically amplified WDM system, signal 35 
power excursions in the WDM signal can be a signifi- 
cant problem. Signal power excursions may arise as a 
result of adding or dropping optical channels, network 
reconfigurations, failures or recovery from failures, and 
so on. As used hereinafter, surviving optical channels 40 
are meant to refer to those optical channels that are still 
present in the WDM signal after an add/drop has 
occurred. For example, adding or dropping individual 
channels of a WDM signal may cause changes in input 
power, which in turn results in changes in gain as well 45 
as fluctuations.of power levels in surviving optical chan- 
nels. Stated otherwise, because the output power of an 
optical amplifier does not react accordingly to the 
changes in input power, the optical power per surviving 
channel will fluctuate. Using an uncontrolled optical 50 
amplifier as an example, when 4 out of 8 channels in a 
WDM signal are dropped, the power in each surviving 
channel then increases toward double its original chan- 
nel power in order to conserve the saturated amplifier 
output power. This increased gain per channel and 55 
increase in power per channel can lead to transmission 
stabilization problems, unacceptable bit error ratio deg- 
radation if power variations are not within the dynamic 



range of receiver detection equipment, as well as other 
power-related problems. For example, surviving chan- 
nels may experience errors when channels are dropped 
because the power in the surviving channels may 
exceed thresholds for nonlinear effects, such as 
Brillouin scattering. Surviving channels may also expe- 
rience errors when channels are added, thus leading to 
optical signal to noise ratio (OSNR) degradation or even 
more severe impairments if power in surviving channels 
is depressed below the sensitivity thresholds at the 
receiver. 

[0005] Additionally, because gain of an optical 
amplifier cannot be controlled fast enough in prior con- 
trol schemes in response to changes in input power, 
power spikes may occur in the total output power of the 
optical amplifier. Power spikes will also occur in the total 
output power of an uncontrolled optical amplifier as well. 
These powe r sp ikes ca n adversely affect system per- 
formance, e.g., by degrading bit errorTaloperformance, 
Ey~a*amaging receiver components if the power levels 
exceed thresholds, and so on. As can be expected, 
changes in input power and resulting gain fluctuations 
are especially problematic for systems in which a large 
amount of traffic is added and dropped, e.g., metropoli- 
tan area networks, systems employing wavelength 
add/drop multiplexers or optical cross connects, and so 
on. 

[0006] Many different gain control schemes have 
been p^o^osed^for controlling signal power ex ajracin s'^ 
or fransients^ Sortie gain control schemes employ a 
feedback loop to control the amount of pump power 
supplied to the optical amplifier based on measure- 
ments of the total output power of the optical amplifier. 
However, this method of gain control is not fast enough 
to respond to the sudden changes in power at the input 
of the optical amplifier. Similarly, some have proposed 
feed-forward compensation using a low-frequency con- 
trol loop as well as software-based gain control 
schemes. In each of the cases, a gain control scheme 
has not yet been demonstrated which has fast enough ] 
res ponse times for limiting sj jr^irjg^hanneLpower ,/^ A - 
gj(cureiojTs_^s_aJunction of the jnput power variations. 
Gain clamping is another well-known technique, but 
inefficient pump power usage is a known problem with 
gain-clamped optical amplifiers. 

SUMMARY OF THE INVENTION 

^0007]^) In an optically amplified wavelength division 
multiplexed (WDM) system having a WDM signal com- 
prising a plurality of optical channels, the per-channel 
gain of the optical channels is kept relatively constant 
despite changes in input power at the optical amplifier, 
such as when individual optical channels of the WDM 
signal are added and dropped. More specifically, gain of 
an optical amp lifier is controlled in a feed -forward b ased 
control scheme by controlling the amount of pump 

_ power supplied to the optical amplifier as a function of 
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changes in measured optical input power which are 
measured in a feed-forward monitoring path. The 
amount of pump power for effecting gain control is 
adjusted according to a scaled relationship to the meas- 
ured input power of the optical amplifier. By controlling 5 
the pump power directly in response to changes in input 
power, gain of the optical amplifier in one exemplary 
embodiment can be controlled on a sub-microsecond^ 0 ^ 
time scale from the time that a change in input power is 
detected. As such, gain control can be effected before 10 
changes in input power reach the gain medium of the 
optical amplifier. Moreover, by maintaining relatively 
constant per-channel gain in an amplified WDM signal 
despite changes in input power at the optical amplifier, 
power excursions are substantially reduced in surviving js 
optical channels of the WDM signal, i.e., those at the 
output of the optical amplifier. 

[0008] In one illustrative embodiment, a WDM sys- 
tem includes at least one erbium-doped optical amplifier 
for amplifying a WDM signal having a plurality of optical 20 
channels. The optical amplifier is coupled to and 
receives pump light from a pump source. At a position 
upstream from the optical amplifier input, the WDM sig- 
nal is coupled via a feed-forward monitoring path to an 
optical monitoring arrangement which detects and 25 
measures the total input power of the WDM signal. In 
response to fast changes in input power (e.g., add/drop, 
failure, etc.), control circuitry coupled to the pump 
source controls the amount of pump power being sup- 
plied to the optical amplifier. As a result, gain is control- 30 
led before changes in input power reach the optical 
amplifier gain medium such that power levels of surviv- 
ing optical channels will experience minimal power 
excursions despite changes in input power. For exam- 
ple, the power of a surviving channel atthe output of the 35 
optical amplifier is relatively constant regardless of how 
many channels and how much power is supplied at the 
input of the optical amplifier. Of course, input power 
must remain within certain boundaries for reasons relat- 
ing to device and system stability, physics, and so on. 40 
[0009]"" ^rfast gain control can be achieved according 
to the principle's- of the invention when new optical chan- 
nels are added to or dropped from the WDM signal, in 
the presence of failures or recovery from failures, e.g., 
transmitter failure, when channels are re-routed such as 45 
in cross-connects, and so on. 

BRIEF DESCRIPTION OF THE DRAWING 

[0010] A more complete understanding of the so 
present invention may be obtained from consideration 
of the following detailed description of the invention in 
conjunction with the drawing in which: 



FIG. 3 shows a plot of pump power as a function of 
input power helpful in understanding the principles 
of the invention; 

FIG. 4 is a simplified block diagram of one exem- 
plary embodiment of the control circuitry shown in 
FIG. 2; 

FIG. 5 shows a graphical plot of the power in a sur- 
viving optical channel helpful to understanding the 
principles of the invention; 
FIG. 6 is a simplified schematic diagram of another 
exemplary embodiment illustrating another aspect 
of the invention; and 

FIG. 7 is a flow diagram of the method steps for 
adjusting pump power according to another exem- 
plary embodiment of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0011] Although the illustrative embodiments 
described herein are particularly well-suited for use in a 
wavelength division multiplexed system (WDM) com- 
prising rare earth-doped fiber optical amplifiers such as 
erbium-doped fiber amplifiers, and shall be described in 
this exemplary context, those skilled in the art will 
understand from the teachings herein that the principles 
of the invention may also be employed in conjunction 
with other types of optical communication systems and 
other types of optical amplifiers and amplifier pumping 
arrangements. Accordingly, the embodiments shown 
and described herein are only meant to be illustrative 
and not limiting. 

[0012] FIG. 1 shows a simplified block diagram 
illustrating the basic principles of the invention. Briefly, 
optical amplifier 1 01 is coupled to optical fiber 1 05 for 
receiving a WDM signal comprising individual optical 
channels where each channel is associated with a par- 
ticular wavelength. In one exemplary embodiment, opti- 
cal amplifier 101 can be a rare earth-doped fiber optical 
amplifier such as an erbium-doped fiber amplifier. Pump 
source 1 10 is used in a conventional manner to supply 
pump power to excite the gain medium of optical ampli- 
fier 1 01 for amplifying the WDM signal provided as input 
to optical amplifier 101. Pump source 110 can be a 
semiconductor laser pump assembly, such as a laser 
diode pump, or any other suitable pump source known 
in the art. Various types of optical amplifiers and pump- 
ing arrangements are well-known to those skilled in the 
art. 

[0013] According to the principles of the invention, 
pump control 120 is used for controlling the amount of 
pump power supplied by pump source 110. By chang- 
ing the amount of pump power, the amount of gain pro- 
vided by optical amplifier 101 is therefore controlled. In 
the embodiment shown in FIG. 1, gain control is 
effected as a function of monitored input power to opti- 
cal amplifier 101 . More specifically, optical tap 130 taps 
or otherwise couples a portion of the optical signal 
power from optical fiber 1 05 to optical monitor 140. Opti- 



FIG. 1 is a simplified block diagram of an exemplary 55 
embodiment of the invention; 
FIG. 2 is a simplified schematic diagram of an 
exemplary embodiment of the invention; 
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cal monitor 140 measures the amount of input power in 
the tapped WDM signal and supplies this measurement 
to pump control 120. As shown, optical tap 130 and opti- 
cal monitor 140 form a feed-forward path such that the 
gain of the optical amplifier can be kept constant as the 
pump power varies as a function of input power 
changes in the WDM signal. As previously mentioned, 
input power changes may occur, for example, when indi- 
vidual optical channels are added and dropped from the 
WDM signal. 

[0014] FIG. 2 shows a more detailed schematic dia- 
gram of the elements which were shown and described 
in FIG. 1. More specifically, optical amplifier 201 is 
shown in this exemplary embodiment to be a two-stage 
optical amplifier having first stage 202 and second 
stage 203. Two-stage optical amplifiers are well-known 
to those skilled in the art. It should be noted, however, 
that the principles of the invention can also be applied in 
single stage or other multi-stage amplifier arrange- 
ments. FIG. 2 shows a conventional forward pumping 
arrangement for a two-stage optical amplifier in which a 
first pump source 21 1 is used for supplying pump light 
to first amplifier stage 202 and second pump source 21 2 
is used for supplying pump light to second amplifier 
stage 203, both in a co-propagating direction, i.e., in the 
same direction of propagation as the signal light. Other 
pumping arrangements will be described in more detail 
below, e.g., backward (counter-propagating) pumping 
arrangements, hybrid pumping arrangements, and so 
on. Pump sources 211 and 212 can be implemented 
using well-known components, e.g., laser diodes or 
other suitable optical sources, for supplying pump light 
into optical fiber 205 to excite the gain medium (e.g., 
rare earth dopant) of first and second amplifier stages 

202 and 203, respectively, so as to amplify the WDM 
optical signal incident on optical fiber 205. 

[001 5] In one exemplary embodiment, first amplifier 
stage 202 may be pumped using a 980 nm wavelength 
pump source 21 1 while second amplifier stage 203 may 
be pumped using a 1480 nm wavelength pump source 
212. This arrangement and selection of pump wave- 
lengths is well-known and is only meant to be illustrative 
and not limiting in any way since other pump arrange- 
ments and pump wavelengths can also be used. Contin- 
uing with the embodiment shown in FIG. 2, pump light is 
coupled to first and second amplifier stages 202 and 

203 using conventional wavelength selective couplers 
207 and 208, respectively. FIG. 2 also shows a conven- 
tional pump monitoring arrangement for each of pump 
sources 211 and 212. More specifically, the output of 
pump source 21 1 is shown here as being monitored 
using a well-known front coupler detection technique 
facilitated by coupler 214. The output power of pump 
source 211, represented here as P mon ,i, is coupled to 
control element 220 which will be described in more 
detail below. The output of pump source 212 is shown 
here as being monitored using a well-known back facet 
detection technique facilitated by the back facet of the 



laser diode which is being used as pump source 212. 
Similarly, the output power of pump source 212, repre- 
sented here as P m0 n,2, is coupled to control element 
220 which will also be described in more detail below. It 

5 should be noted that the pump monitoring arrange- 
ments shown and described herein are only meant to be 
illustrative and not limiting in anyway. 
[0016] Coupler 230 is used to tap off a fractional 
amount of the input power of the WDM signal which is 

io propagating along optical fiber 205. Coupler 230 can be 
any well-known device for tapping off a portion of the 
optical signal energy, such as a fractional 98/2 coupler 
which is commercially available from many component 
suppliers. The tapped portion of the input signal is then 

15 detected by photodetector 240, which again can be any 
well-known device for converting optical signal energy 
to a corresponding electrical signal for appropriate 
detection of optical signal power. Importantly, photode- 
tector 240 is used according to the principles of the 

20 invention to detect and measure the total input power of 
the WDM signal which is being supplied as input to opti- 
cal amplifier 201 . 

[0017] The total input power detected by photode- 
tector 240 is supplied as an electrical input to control 

25 element 220 so that appropriate gain control can be 
effected for optical amplifier 201. Control element 220 
includes control circuitry that is responsive to the 
detected total input power P (N for generating appropri- 
ate pump drive currents for each of pump sources 211 

30 and 212. In particular, control element 220 supplies 
electrical drive current l F1 for driving pump source 211 
to deliver an appropriate amount of pump power to first 
amplifier stage 202. Similarly, control element supplies 
electrical drive current l F2 for driving pump source 212 

35 to deliver an appropriate amount of pump powerto sec- 
ond amplifier stage 203. 
I00T8] Because gain control according to the princi- 
ples of the invention is based on feed-forward control, 
calculating the appropriate amount of pump power to 

40 effect gain control is therefore based on the measured 
input power without knowing the optical output power? 
For small changes in input power, output power is sub - 
stantially a linear function of pump power injected into 
the amplifier. However, th is linearity may not exist when 

45 there are larger changes in input power, e.g., larger 
' powe r transients. For exampleTc^sTdeTa 40-channel 
system. With relatively low optical input power (e.g., 
when 4 channels are present), the amount of noise gen- 
erated can be higher as compared to when optical input 

50 power is relatively high (e.g., when fully loaded with 40 
channels present). Therefore, when there is a large 
drop in input power"te.g., when surviving channel count 
drops from 40 to 4 channels), more pump power may be 
required because of the increased effect of noise on the 

55 fewer channels and lower input power. 

[0019] In one exemplary embodiment, we have dis- 
covered that the appropriate amount of pump power 
p pump for achieving the desired gain can be calculated 
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as a function of input power P| N according to the follow- 
ing relationship: P PUMP = C 1 + (C 2 x P lN ) , where C 1 
and C 2 are co efficients which will be describ ed in further 
detail below. For a two-stage optical amplifierTsuch as 
optical amplifier 201 in FIG. 2, it is contemplated in this 
embodiment that there would be two sets of coeffi- 
cients, one for each of the stages. As such, the notation 
for the coefficients is represented as Cjj, where ;' repre- 
sents the optical amplifier stage i (e-a, firstjrtage 202 or 
second stage 203) and j represents the particular coef- 
ficient. In this example, C ? j therefore corresponds to 
the first coefficient for the first optical amplifier stage 
202, C 7 2 tcorrespoWs' > tol^fie second coefficient for 
stage 202, C 2 ? corresponds to the first coefficient for 
the second optical amplifier stage 203, and C 22 corre- 
sponds to the second coefficient for stage 203. It should 
be noted that this example is meant to be illustrative and 
not limiting since other modifications will be apparent to 
those skilled in the art, e.g., one set of coefficients for 
both stages, and so on. 

[0020] FIG. 3 shows an exemplary plot of pump 
power Prump f° r a single amplifier stage as a function of 
input power P| N , which can be used to derive coeffi- 
cients Cj j according to the principles of the invention. As 
shown, lines 301 and 302 represent two sets of traces 
of pump power P PUMP versus P| N for a single amplifier 
stage at two different operating conditions. For example, 
line 301 could represent plots of P P ump versus P !N for a 
first gain level, e.g., 20dB, and line 302 could represent 
plots of Ppump versus P| N for a second gain level, e.g., 
23dB. It should be noted that the number of traces and 
the particular gain values associated with each trace 
shown in FIG. 3 are only meant to be illustrative and not 
limiting in any way. For example, only two traces are 
shown here for simplicity of illustration and explanation. 
To derive traces, for example, one could select a partic- 
ular gain value, e.g., 20dB for line trace 301, and then 
measure the amount of pump power P PUMP required to 
achieve that gain at various values of input power P| N . 
The result would be a series of points, e.g., shown here 
along lines 301 and 302. It should be noted that the par- 
ticular gain values selected for the traces are a matter of 
design choice and may be based on such factors as 
type of optical amplifier, desired system performance, 
and so on. 

[0021 ] Coefficients Cj j are then derived from traces 
301 and 302. In particular, we have discovered that a 
first coefficient, C n ^ should represent a direct offset to 
the output of the pump laser, i.e., P P ump at lower input 
power P !N levels. In FIG. 3, C n 1 is measured as shown 
at points 310 and 311 (i.e., at the point of intersection 
with the y-axis) for lines 301 and 302, respectively. As 
such, C n 1 becomes the dominant coefficient at lower 
input power P !N levels. We have also discovered that 
using a second coefficient C n 2 as a slope factor can be 
effectively used to offset the pump power P PU m P at 
higher input power P !N levels. In FIG. 3, C n 2 is meas- 
ured, for example, at points 320 and 321 for lines 301 



and 302, respectively. As can be expected, C n2 
becomes the dominant coefficient at higher input power 
Pin levels. 

[0022] I n one exemplary embodiment, the cal cula- 

5 tion of pu mp_„^we£_usjn^__thg DS!aiifinsJiip„ 

p pump = c 1 + ( C 2 x p in) is carried out in hardwa re 
so that gain control can be realized on the order of sub - 
microseconds (usee), e.g., much less than 1 usee if 
required. The desired response time can also be based 
m accordingly on system requirements. For example, 
some systems may allow for longer response times. 
However, the important aspect here i s that gain can be 
controlled on a very fast, sub-microse connd ba sis if 
needed. That is, pump powercan be changed to control 
15 the gain of the optical amplifier on a sub-microsecond 

detected . One such hardware implementation is shown 
in FIG. 4. In particular, FIG. 4 shows a simplified 
block diagram of the operations carried out by cir- 
20 cuitry in control element 220 for deriving the appropri- 
ate pump power according to the relationship 
P PUMP = C 1 + (C 2 x P , N ) . Initially, coefficients Cj j 
can be defined based on the particular optical ampli- 
fier's characteristics and operating parameters. 
25 [0023] While coefficients Cjj are used to determine 
the appropriate amount of pump power to be supplied 
by the pump source according to the gain control 
arrangement, it should be noted that there will be limits 
as to how much the pump power can be changed. For 
30 example, the minimum amount of pump power to be 
supplied by the pump source may be dictated by a 
threshold relating to the stability of the pump laser, for 
example. Similarly, a pump laser will have a maximum 
allowable output pump power based that may be die- 
as tated by some or all of the following: device require- 
ments of the pump laser; optical amplifier requirements; 
system requirements; and so on. 
[0024] It should also be noted that FIG. 4 repre- 
sents a simplified diagram only and that control element 
40 220 will include many other components for carrying out 
other control functions that are not within the scope of 
the present invention. 

[0025] Multiplier circuitry 401 multiplies the total 
input power as measured by photodetector 240 (FIG.2) 

45 by the second pump power coefficient C n 2 , where n 
represents either the first or second stage depending on 
which pump source drive current is being calculated. 
The output of multiplier 401 is then added with the first 
pump power coefficient C n in adder circuitry 402. It 

so should be noted that control element 220 can be imple- 
mented using well-known circuitry and techniques. 
[0026] FIG. 5 illustrates exemplary results achieved 
using the gain control scheme according to the princi- 
ples of the invention. More specifically, FIG. 5 shows a 

55 plot of power of a surviving channel at the output of the 
optical amplifier as a function of time in response to 
input power changes. Trace 501 represents the input 
power level, trace 502 represents the power of a surviv- 
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ing channel at the optical amplifier output when the prin- 
ciples of the invention are applied, and trace 503 
represents the power of the surviving channel at the 
optical amplifier output without the benefit of the inven- 
tion. The example shown in FIG. 5 represents a time 
resolved reaction of the optical amplifier to a 3 dB 
change in input power (i.e., 50%) for a surviving channel 
having a wavelength of 1559.8 nm. However, this exam- 
pie is meant to be illustrative only. As illustrated by 
traces 501 and 503 and as previously described, when 
input power decreases, the power of a surviving chan- 
nel will increase without the benefit of the control 
scheme of the present invention. As described, this 
increase in power in the surviving channel is undesira- 
ble for a number of reasons, e.g., power-dependent 
optical impairments such as stimulated brillioun scatter- 
ing (SBS), higher bit error ratios, and so on. When gain 
control is implemented according to the principles of the 
invention, the power excursion in the surviving channel 
is substantially reduced as illustrated by trace 502. 
[0027] FIG. 5 also illustrates the characteristic of 
the power change in the surviving channel at the 
moment when input power changes. As shown by trace 
502, the power excursions are minimal at the moment in 
time that input power changes (trace 501). By contrast, 
the power change in surviving channels using prior 
schemes (e.g., gain clamping, software-based control, 
etc.), is typically characterized by spikes, oscillations, or 
other anomalies. 

[0028] According to another aspect of the invention, 
the amount of pump power used for effecting gain con- 
trol can be further adjusted or otherwise tuned on a peri- 
odic or event-driven basis. More specifically, operating 
targets for the hardware control circuitry (e.g., control 
element 220) that controls the pump power levels of the 
pump sources can be established, updated, refreshed, 
and maintained to account for such factors as: changes 
in channel count; optical amplifier efficiency (e.g., 
caused by optical amplifier aging, temperature-induced 
variations, etc.), other transmission impairments (e.g., 
span losses); and so on. In general, the fast gain control 
described in the preceding embodiments is intended for 
"fast" changes in input power, e.g., add/drop, failure 
conditions, and so on. On the other hand, the amount of 
pump power can also be adjusted based on "slow" 
changes driven by such factors as device aging, tem- 
perature, to name a few. 

[0029] For example, it is well-known that the wave- 
length of a pump laser may change depending on tem- 
perature (e.g., chip temperature) absent some other 
stabilization (e.g. by a fiber Bragg grating). Although a 
laser chip is typically temperature stabilized, higher cur- 
rent through the laser chip will result in a higher internal 
temperature which in turn may result in a higher emis- 
sion wavelength of the pump laser. Because the effi- 
ciency of an erbium-doped fiber amplifier depends on 
wavelength of the pump laser, a change in emission 
wavelength of the pump laser could effect the efficiency 



of the amplifier such that output power does not change 
on a one-for-one basis with the pump power, especially 
for large power transients. As such, pump power would 
need to be further adjusted to account for this effect. 

5 [0030] FIG. 6 shows one exemplary embodiment 
for controlling the pump power adjustments in view of 
the above considerations. For sake of brevity, the struc- 
ture and function of elements shown in FIG. 6 which are 
the same as those previously described (e.g., FIG. 2) 

10 will not be repeated. As shown, output coupler 701, 
which can be any well-known fractional coupler or 
device having equivalent function, taps off a portion of 
the signal power supplied as output from amplifier 201. 
By way of example only, coupler 701 can be the so- 

15 called previously described 98/2 type coupler in which 
approximately 2% of the signal power in the WDM sig- 
nal is tapped and directed to path 702. As shown, the 
tapped signal power is then directed to a conventional 
photodetector 703, the function of which is similar to 

20 that previously described for photodetector 240, except 
that photodetector 703 is used for detecting the total 
output power, P OUT , of the tapped WDM signal. It should 
be noted, however, that although the basic principles of 
operation for photodetectors 240 and 703 are very sim- 

25 ilar, the performance requirements (and thus the partic- 
ular device used in the system) may be very different. In 
particular, photodetector 24 , Q K nas t ~to react on a sub- 
microsecond time scale to the ffast"^hanges in input 
condi tions, while photodetector 703 is measuring "slowT 

30 changes w hich may even be on the order of millisec- 
onds or slower. 

[0031] The tapped signal power from path 702 is 
also directed to an optical monitor (OMON) 704 which 
may derive, among other information, the number of 

35 optical channels in the WDM signal. Optical monitor 704 
can also be implemented using various devices and 
techniques well-known to those skilled in the art. By way 
of example, an optical monitor 704 could include, 
among other elements, an optical spectrum analyzer 

40 (not shown) for deriving the number of optical channels. 
[0032] The output from optical monitor 704 (e.g., 
channel count, noise power, etc.) and the output from 
photodetector 703 (e.g., measured total power out, 
Pout) are DOtn supplied to microprocessor 71 0 for cal- 

45 culating the aforementioned pump power coefficients 
which are then provided to control element 220 as pre- 
viously described for modifying the amount of pump 
power supplied by each of pump sources 21 1 and 212 
according to the gain control scheme previously 

so described. Again, the pump power coefficients are des- 
ignated with the notation C/y, where C 7 , corresponds 
to the first coefficient for the first optical amplifier stage 
202, C J2 corresponds to the second coefficient for 
stage 202, C 2i j corresponds to the first coefficient for 

55 the second optical amplifier stage 203, and C 2 ,2 corre- 
sponds to the second coefficient for stage 203. Micro- 
processor 710 also receives as input the total input 
power measured by photodetector 240 as previously 
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described. 

[0033] The simplified flowchart in FIG. 7 illustrates 
the steps involved in making adjustments to the amount 
of pump power used in the gain control scheme accord- 
ing to the principles of the invention. For simplicity of 
illustration and explanation, the steps shown in FIG. 7 
will be described with reference to the embodiment 
shown in FIG. 6. It should be noted that the steps shown 
in FIG. 7 can be software-implemented and can be 
implemented on the order of milliseconds or even 
slower. In particular, the steps in FIG. 7 describe a pro- 
cedure which can be used to adjust for the aforemen- 
tioned "slow" changes. Moreover, the procedure set 
forth in FIG. 7 is intended as a procedu re for "fine tun- 
i ng" the per channel output powe r of the surviving chan- 
nels since most of the correction will have already been 
accomp lished as part of the fast gain control scheme 
described in the preceding embodiments. 
[0034] In step 801 , the number of surviving chan- 
nels, N, in the WDM signal is determined by optical 
monitor 704 (FIG. 6). More specifically, the WDM signal 
was previously defined as having a plurality of optical 
channels. If individual optical channels are added 
and/or dropped from the WDM signal, e.g., at an 
add/drop node, then optical amplifier 201 (FIG. 6) will 
therefore only amplify those "surviving" channels. As 
such, the number of surviving channels can be deter- 
mined at the output of optical amplifier 201 using optical 
monitor 704 (FIG. 6).. It will be appreciated that other 
methods for determining the number of optical channels 
in a WDM signal will be apparent to those skilled in the 
art and are contemplated by the teachings herein. 
[0035] Desired total output power, e.g., new value 
for the output power (Poutnew). of tne WDM signal is 
then calculated in step 802 based on the number of sur- 
viving optical channels N in the WDM signal, i.e., chan- 
nel count. As previously described, one goal of the 
invention is to cojT^Qj_gajjn_£U£bj^ 
n^ntalffecf aTa constant level in the^ juDtiyjag-optieal 
channels eyen.wnen.Qpto 

dropped from the WDM signaLpor example, to maintain 
constant power leveTsTrTthe surviving optical channels, 
the desired total output power of the WDM signal will be 
lower when the channel count drops, e.g., when chan- 
nels are dropped, and higher when the channel count 
increases, e.g., when channels are added. Using the 
embodiment of FIG. 6 as an example, microprocessor 
71 0 receives the actual total output power of the WDM 
signal via photodetector 703 and channel count infor- 
mation from optical monitor 704. If the actual total out- 
put power of the WDM signal obtained via 
photodetector 703 is not at a desired level based on the 
channel count obtained via monitor 704, e.g., it is too 
high or low given the number of channels, then micro- 
processor 71 0 calculates the new desired output power 
p new for tne WDM signal. 

[0036] In one exemplary embodiment, the desired 
total output power Poutnew is obtained by microproc- 



essor 710 (e.g., from stored values in a lookup table) 
based on the number of channels, e.g., the channel 
count derived by optical monitor 704. In one exem- 
plary embodiment, the stored values of Poutnew 

5 were calculated based on the desired per channel 
output power (Pch) and channel count N, e.g., 
p outnew = p ch x N - as we " as some noise contribu- 
tion (especially in the case of a low channel count). As 
previously noted, one objective of the invention is to 

10 maintain relatively constant power on a per channel 
basis (Pch) regardless of changes in input power. For 
example, the power of a surviving channel should be 
relatively constant regardless of the number of channels 
supplied at the input to the optical amplifier through 

is add/drop operations. 

[0037] It should be noted however, that variations in 
per channel power may be required under certain cir- 
cumstances. As previously described, it is well-known 
that there might be pump laser stability problems when 

20 operated at low output power as in the case of low chan- 
nel count. As such, it may be desirable to have a fixed 
lower pump power limit and subsequently a higher per 
channel output power level P C h when the channel count 
is very low. The desired pump laser output power limit 

25 will be apparent to those skilled in the art in view of sys- 
tem and component design parameters and other well 
known factors. 

[0038] According to one exemplary embodiment, a 
change in per channel channel power, Pch. will only be 
30 allowed below 4 channels (using the 40 channel system 
as an example) realized to a lower hardware limit to the 
pump lasers' output power. The ultimate_goal in this 
exemplary system would be to maintain constant per 
channel ou^uTpower in the range from 4 to 40 chan- 

noise contribution will be compensated by proper 
choice of coefficients Cj j. 

[0039] Returning to' step 803 in FIG. 7, the total 
input power P m to optical amplifier 201 (from FIG. 6), is 

40 measured as previously described in the preceding 
embodiments, such as by using photodetector 240. 
Using the measured total input power P !N from step 803 
and the desired total output power P NEW from step 802, 
the desired gain, or new gain value G NEW , is then calcu- 

45 lated by microprocessor 710 as shown in step 804, 
wherein 

_ calculated P NEW 
" new ~ measured P IN " 



The new gain value G NEW will then correspond to an 
amount of gain that is appropriate given the actual 
number of surviving channels. 
55 [0040] Steps 805 and 806 are carried out to derive 
an appropriate value for the amount of pump power, 
Ppump tnat must be supplied to the optical amplifier in 
order to achieve the desired gain G NEW . In particular, 
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pump power coefficients Cjj are obtained in step 805 
according to the technique previously described for the 
embodiment shown in FIG. 3-4. Pump power P PUM p is 
then calculated in step 806 by microprocessor 71 0 (FIG. 
6) using the pump power coefficients and input power 5 
P| N according to the following relationship: 
p pump = c i + (C 2 x P|n) • 
~[0041] In general, coefficients Cj j are used to com- 
pensate for the aforementioned problems which may 
warrant adjustment of the pump power, e.g., pump laser 10 
wavelength shift, amplifier noise, and so on. Conse- 
quently, by properly selecting values for coefficients C| j, 
the pump power generated by the pump laser to excite 
the optical amplifier's gain medium can be adjusted so 
that the amplifier's output power varies as a function of 15 
input power changes in order to maintain relatively con- 
stant power per channel in the surviving channels. 
Moreover, coefficients C, j can also be updated periodi- 
cally depending on the input and output conditions of 
the optical amplifier. 20 
[0042] In one embodiment, values for coefficients 
Cj j can be stored in a lookup table and retrieved by 
microprocessor 710 (FIG. 6) in step 805 (FIG. 7) for 
subsequent calculations of pump power P PUMP in step 
806 (FIG. 7). For example, pump power coefficients Cjj 25 
derived from traces 301 and 302 (FIG. 3) can be stored 
as shown in Table 1: 



Table 1 

Gain C 1 , C 12 C 21 C 22 

20dB !7"~ T ... ~ 

23dB Z. Z. Z. Z~ 



[0043] Referring again to step 805 (FIG. 7), appro- 40 
priate pump power coefficients Cj j are obtained from 
the lookup table directly or by using extrapolation or 
other well-known techniques based on the, desired gain 
-.value calculated in step 804. 

[0044] Although the embodiments shown and 45 
described herein have been directed towards optically 
amplified systems which use rare earth-doped fiber 
amplifiers, such as erbium-doped fiber amplifiers, vari- 
ous modifications will be apparent to those skilled in the 
art which can be useful for applying the inventive princi- so 
pies to other types of optical amplifiers. For example, it 
is contemplated that the gain control scheme described 
herein can also be used with semiconductor optical 
amplifiers with electrical pump arrangements and so on. 
As is well known, the gain dynamics of semiconductor 55 
optical amplifiers are typically faster than those of rare 
earth doped fiber amplifiers. As such, modifications to 
account for the faster gain dynamics would be needed. 



For example, one may include an optical delay element 
prior to the input of the semiconductor optical amplifier 
to introduce an appropriate amount of delay so that the 
gain control circuitry can adjust the gain of the semicon- 
ductor optical amplifier with proper timing. Also, the 
input power monitor, e.g., photodetector 240 (FIG. 2), 
and the control circuit, e.g., control element 220 (FIG.4), 
need to be designed to achieve proper timing for the 
even shorter time constraints of such a device. Another 
consideration for implementing fast gain control for sem- 
iconductor optical amplifiers is that pump control via 
electrical pump injection schemes are faster than those 
for fiber amplifiers. In sum, adjustments would be 
needed to account for the different time constraints 
when using semiconductor optical amplifiers. 
[0045] Also, the foregoing embodiments have been 
shown and described herein as using forward pumping 
arrangements (e.g., co-propagating) for the optical 
amplifiers. However, it is contemplated that other pump- 
ing arrangements may also be used in conjunction with 
the gain control scheme according to the principles of 
the invention. For example, a backward pumping 
arrangement or even a hybrid arrangement may be 
used wherein the first amplifier stage is forward pumped 
while the second amplifier stage is backward pumped 
(e.g., counter-propagating). It will be appreciated by 
those skilled in the art that, if counter-propagating 
pumping is employed (i.e., pump light is injected in a 
direction opposite to that of the signal light), then other 
considerations may need to be taken into account. For 
example, fast gain control is achieved in the present 
invention whereby gain of the optical amplifier is 
changed as the input power changes (e.g., within a 
microsecond) and before amplification of the input sig- 
nal. This is accomplished using the feed-forward control 
scheme. Consequently, forward pumping of the optical 
amplifier, at least the first amplifier stage, complements 
this feed-forward based gain control scheme. 
[0046] By comparison, modifications to the gain 
control scheme may be needed to compensate for the 
fact that in a backward-pumped fiber optical amplifier, 
signal and pump light are penetrating the erbium doped 
fiber starting from opposite ends. Furthermore, addi- 
tional modifications to the control circuitry and/or optical 
delay elements at the input of the amplifier may be 
needed to account for the delays associated with the 
propagation of the pump light in the reverse direction 
(from output to input) through the length of erbium- 
doped fiber. 

[0047] As described herein, aspects of the present 
invention can be embodied in the form of methods and 
apparatuses for practicing those methods. Aspects of 
the invention can also be embodied in the form of pro- 
gram code embodied in tangible media, such as floppy 
diskettes, CD-ROMs, hard drives, or any other machine- 
readable storage medium, wherein, when the program 
code is loaded into and executed by a machine, such as 
a computer, the machine becomes an apparatus for 
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practicing the invention. Aspects of the present inven- 
tion can also be embodied in the form of program code, 
for example, whether stored in a storage medium, 
loaded into and/or executed by a machine, or transmit- 
ted over some transmission medium, such as over elec- 
trical wiring or cabling, through fiber optics, or via 
electromagnetic radiation, wherein, when the program 
code is loaded into and executed by a machine, such as 
a computer, the machine becomes an apparatus for 
practicing the invention. When implemented on a gen- 
eral-purpose processor, the program code segments 
combine with the processor to provide a unique device 
that operates analogously to specific logic circuits. 
[0048] It should also be noted that the foregoing 
merely illustrates the principles of the invention. It will 
thus be appreciated that those skilled in the art will be 
able to devise various arrangements which, although 
not explicitly described or shown herein, embody the 
principles of the invention and are included within its 
scope. Furthermore, all examples and conditional lan- 
guage recited herein are principally intended expressly 
to be only for pedagogical purposes to aid the reader in 
understanding the principles of the invention and the 
concepts contributed by the inventors to furthering the 
art, and are to be construed as being without limitation 
to such specifically recited examples and conditions. 
Moreover, all statements herein reciting principles, 
aspects, and embodiments of the invention, as well as 
specific examples thereof, are intended to encompass 
both structural and functional equivalents thereof. Addi- 
tionally, it is intended that such equivalents include both 
currently known equivalents as well as equivalents 
developed in the future, i.e., any elements developed 
that perform the same function, regardless of structure. 
[0049] Thus, for example, it will be appreciated by 
those skilled in the art that the block diagrams herein 
represent conceptual views of illustrative circuitry 
embodying the principles of the invention. Similarly, it 
will be appreciated that any flow charts, flow diagrams, 
and the like represent various processes which may be 
substantially represented in computer readable medium 
and so executed by a computer or processor, whether 
or not such computer or processor is explicitly shown. 
The functions of various elements shown in the drawing 
may be provided through the use of dedicated hardware 
as well as hardware capable of executing software in 
association with appropriate software. When provided 
by a processor, the functions may be provided by a sin- 
gle dedicated processor, by a single shared processor, 
or by a plurality of individual processors, some of which 
may be shared. Moreover, a "processor" or "controller" 
should not be construed to refer exclusively to hardware 
capable of executing software, and may implicitly 
include, without limitation, digital signal processor 
(DSP) hardware, read-only memory (ROM) for storing 
software, random access memory (RAM), and non-vol- 
atile storage. Other hardware, conventional and/or cus- 
tom, may also be included. Similarly, any switches 



shown in the drawing are conceptual only. Their function 
may be carried out through the operation of program 
logic, through dedicated logic, through the interaction of 
program control and dedicated logic, or even manually, 
5 the particular technique being selectable by the imple- 
mentor as more specifically understood from the con- 
text. 

[0050] In the claims hereof, any element expressed 
as a means for performing a specified function is 

10 intended to encompass any way of performing that func- 
tion including, for example, a) a combination of circuit 
elements which performs that function or b) software in 
any form, including, therefore, firmware, microcode or 
the like, combined with appropriate circuitry for execut- 

15 ing that software to perform the function. The invention 
as defined by such claims resides in the fact that the 
functionalities provided by the various recited means 
are combined and brought together in the manner which 
the claims call for. Applicants thus regard any means 

20 which can provide those functionalities as equivalent to 
those shown herein. 

Claims 

25 1. An arrangement for controlling the gain of an optical 
amplifier coupled to an optical fiber in a wavelength 
division multiplexed (WDM) system, the optical 
amplifier coupled to a pump source and capable of 
amplifying a WDM signal having a plurality of opti- 

30 cal channels, the arrangement comprising: 

a feed-forward monitoring path, coupled to the 
optical fiber at a position upstream from an 
input of the optical amplifier, for measuring 

35 input power to the optical amplifier; and 

a control circuit, responsive to the measured 
input power, for controlling an amount of pump 
power supplied by the pump source to the opti- 
cal amplifier, the amount of pump power for 

40 effecting gain control being a function of a 

scaled relationship to the measured input 
power, 

whereby per-channel gain in the amplified 
WDM signal is maintained so that power excur- 
45 sions in one or more of the optical channels 

being amplified are substantially limited in the 
presence of changes in input power to the opti- 
cal amplifier. 

so 2. The arrangement according to claim 1, wherein 
the scaled relationship is defined as 
p pump = C 1 +(C 2 xP IN ), wherein P PUMP is the 
pump power, P !N is the measured input power, C 1 is 
a first coefficient representative of a direct offset 

55 value to the pump power, and C 2 is a second coef- 
ficient representative of a slope factor correspond- 
ing to a predetermined relationship between P PUMP 
and P !N . 
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The arrangement according to claim 2, wherein the 
first coefficient is a dominant coefficient for off- 
setting the pump power at relatively lower P !N lev- 
els, and wherein C 2 is a dominant coefficient for 
offsetting the pump power at relatively higher P iN 5 
levels. 

The arrangement according to claim 2, wherein the 
control circuit is a hardware-implemented control 
circuit comprising: to 

a multiplier circuit for multiplying the measured 
input power by the second coefficient to pro- 
duce a first output; and 

an adder circuit for adding the first output to the is 
first coefficient to produce a second output, 
wherein the second output establishes a drive 
current for controlling the amount of pump 
power being supplied by the pump source. 

20 

The arrangement according to claim 2, further com- 
prising: 

a feedback monitoring loop, coupled to the opti- 
cal fiber at a position downstream from an out- 25 
put of the optical amplifier, for measuring total 
output power from the optical amplifier and for 
determining the number of optical channels 
present at the output of the optical amplifier, the 
number of channels being representative of a 30 
surviving channel count; and 
a microprocessor for updating the first and sec- 
ond coefficients based on the measured input 
power, the measured total output power, and 
the surviving channel count. 35 

A method of controlling the gain of an optical ampli- 
fier coupled to an optical fiber in a wavelength divi- 
sion multiplexed (WDM) system, the optical 
amplifier coupled to a pump source and capable of io 
amplifying a WDM signal having a plurality of opti- 
cal channels, the method comprising: 

measuring input power to the optical amplifier; 

responsive to the measured input power, con- 
trolling an amount of pump power supplied by 
the pump source to the optical amplifier, the 
amount of pump power for effecting gain con- 
trol being a function of a scaled relationship to so 
the measured input power, 
whereby per-channel gain in the amplified 
WDM signal is maintained so that power excur- 
sions in one or more of the optical channels 
being amplified are substantially limited in the 55 
presence of changes in input power to the opti- 
cal amplifier. 



7. The method according to claim 1 or 6 wherein gain 
of the optical amplifier is controlled within approxi- 
mately a sub-microsecond time scale from the time 
that a change in the input power is detected. 

8. The method according to claim 1 or 6 wherein gain 
of the optical amplifier is controlled before changes 
in input power reach a gain medium of the optical 
amplifier. 

9. The method according to claim 6, further compris- 
ing the step of determining the amount of pump 
power according to the scaled relationship by 

multiplying the measured input power by a sec- 
ond coefficient to produce a first output and 
adding the first output with a first coefficient to 
produce a control output, the control output for 
establishing a drive current for controlling the 
amount of pump power being supplied by the 
pump source, 

wherein the first coefficient is representative of 
a direct offset value to the pump power, and the 
second coefficient is representative of a slope 
factor corresponding to a predetermined rela- 
tionship between Ppump and p in- 

10. The method according to claim 9, further compris- 
ing the steps of: 

at a position downstream from an output of the 

optical amplifier, measuring total output power 

from the optical amplifier; 

determining the number of optical channels 

present at the output of the optical amplifier, the 

number of channels being representative of a 

surviving channel count; 

calculating a desired total output power based 

on the surviving channel count; 

calculating a desired gain value based on the 

desired total output power and the measured 

input power; 

deriving updated first and second coefficients 
based on the desired gain value; and 
calculating an updated pump power value 
based on the updated first and second coeffi- 
cients and the measured input power. 
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(54) Automatic gain control for optical amplifiers 



(57) In an optically amplified wavelength division 
multiplexed (WDM) system having a WDM signal com- 
prising a plurality of optical channels, the per-channel 
gain of the optical channels is kept relatively constant 
despite changes in input power at the optical amplifier 
(101), such as when individual optical channels of the 
WDM signal are added and dropped. More specifically, 
gain of an optical amplifier (1 01 ) is controlled by control- 
ling the amount of pump power (110) supplied to the op- 
tical amplifier as a function of changes in input power 
which are measured in a feed-forward monitoring path 
(130, 140). The amount of pump power for effecting gain 



control is adjusted according to a scaled relationship to 
the measured input power of the optical amplifier. By 
controlling the pump power (by 120) directly in response 
to changes in input power, gain of the optical amplifier 
can be controlled within a sub-microsecond time scale 
from the time that a change in input power is detected. 
Moreover, by maintaining relatively constant per-chan- 
nel gain in an amplified WDM signal despite changes in 
input power at the optical amplifier, power excursions 
are substantially reduced in surviving optical channels 
of the WDM signal, i.e., those at the output of the optical 
amplifier. 
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